The Kepler-9 system harbors three known transiting planets. The system holds significant interest for several reasons. First, the outer two planets exhibit a period ratio that is close to a 2:1 orbital commensurability, with attendant dynamical consequences. Second, both planets lie in the planetary mass "desert" that is generally associated with the rapid gas agglomeration phase of the core accretion process. Third, there exist attractive prospects for accurately measuring both the sky-projected stellar spin-orbit angles as well as the mutual orbital inclination between the planets in the system. Following the original Kepler detection announcement in 2010, the initially reported orbital ephemerides for Kepler-9 b and c have degraded significantly, due to the limited time base-line of observations on which the discovery of the system rested. Here, we report new ground-based photometric observations and extensive dynamical modeling of the system. These efforts allow us to photometrically recover the transit of Kepler-9 b, and thereby greatly improve the predictions for upcoming transit midtimes. Accurate ephemerides of this system are important in order to confidently schedule follow-up observations of this system, for both in-transit Doppler measurements as well as for atmospheric transmission spectra taken during transit.
INTRODUCTION
In our own solar system, the major planets all lie within a few degrees of the ecliptic, and the plane containing the planets aligns quite well with the Sun's equator. By contrast, hot Jupiters are frequently observed to have orbital planes that are strikingly misaligned with the equators of their host stars (as reviewed by Winn & Fabrycky 2015) . Spin-orbit angle determinations are made through measurement of the Rossiter-McLaughlin (R-M) effect (Rossiter 1924; McLaughlin 1924) , a time-variable anomaly in the stellar spectral-line profiles which generates an apparent stellar radial velocity variation during the transit (Queloz et al. 2000) . The large observed range in spin-orbit angles is now interpreted as evidence that at least a subset of hot Jupiters were subject to violent dynamical migration at some point in their histories (Winn & Fabrycky 2015) . This interpretation can be directly tested if the spin-orbit angles can be measured in multi-transiting planetary systems, especially ones hosting planets in mean motion resonance (MMR) configurations. The existence of MMR configurations implies that dissipation in the protoplanetary precusor disk played a song-hu.wang@yale.edu key role in sculpting the final planetary orbital configuration, while simultaneously disfavoring a dynamically violent history.
Kepler-9 was the first multiple-planet system discovered using the transit method (Holman et al. 2010) . It is also the first definitive TTV system published with an orbital period ratio of outer two planets close to 2:1 commensurability. In addition to suggesting past dissipation generally, such configurations are believed to be the natural consequence of convergent disk migration (Kley & Nelson 2012) . As a consequence, spin-orbit alignment of the planets and the stellar equator is expected. The Kepler-9 system, however, is identified as a candidate misaligned multi-transiting planetary system (Walkowicz & Basri 2013) based on an assessment with the approximate v sini method. Further R-M effect measurement is urgently needed to obtain a definitive answer.
The R-M effect is much more easily measured when transits are deep, and as a practical consequence, R-M observations of multi-transiting planetary systems are hard to make. They usually involve fainter stars and smaller transit depths, and as yet, very few high quality measurements exist (Kepler-89 d, Hirano et al. 2012; Albrecht et al. 2013; Kepler-25 c, Albrecht et al. 2013;  arXiv:1712.06297v1 [astro-ph.EP] 18 Dec 2017 Benomar et al. 2014; WASP-47 b, Sanchis-Ojeda et al. 2015) . Both Kepler-9 b and c, however, have very large planet-star size ratios of R b /R * = 0.074 and R c /R * = 0.076, respectively (Twicken et al. 2016 ) -among the largest ratios yet detected in multi-transiting planetary systems. Kepler-9 thus offers a rare opportunity to carry out a high signal-to-noise spin-orbit angle measurement in a multi-transiting planetary system. Successful acquisition will provide a key zeroth-order test of the origin scenarios of spin-orbit misalignments and will potentially help to delineate competing formation paradigms for hot Jupiters.
Moreover, extended transit mid-time measurements will significantly improve the precision of planetary mass determinations, which will aid resolution of the ongoing discrepancy between masses measured through modeling of transit timing variations (TTVs) and masses modeled through accumulation of Doppler radial velocities (Holman et al. 2010; Borsato et al. 2014; Dreizler & Ofir 2014; Hadden & Lithwick 2016) .
In addition, canonical planet formation theory is challenged by the Kepler-9 planetary masses (Kepler-9 b: 44.17 M ⊕ , Kepler-9 c: 30.37 M ⊕ ; Wang & Laughlin 2017c) . In the standard planet formation model (Pollack et al. 1996) , the planetary mass should grow rapidly from 30 M ⊕ to 100 M ⊕ and beyond. It is difficult to arrest run-away gas accretion in the midst of this intermediate range; few planets are known in the "intermediate mass desert". It would therefore be of great interest to obtain a high signal-to-noise transmission spectrum to better delineate the atmospheric composition and the planetary structure of this special class of planet.
Any prospective transit-related follow-up studies will require precisely scheduled observations of the transit of Kepler-9 b and c. Such scheduling, however, is not easy. Transit mid-times for Kepler-9 b and c vary by up to 0.78 day and 1.78 day (Figure 1 ), respectively, due to the significant planet-planet gravitational interactions in the system. In this work, we report the successful relocation of Kepler-9 b's transit on UT 2016 Sep. 1, which serves to confirm dynamical modeling of the TTVs derived from the full Kepler data set. To provide optimal ephemerides for future observations, we provide the predicted future transit windows of the Kepler-9 system by jointly analyzing the TTVs from both the legacy Kepler data as well as our new observations. We also discuss the feasibility of carrying out R-M observations of Kepler-9 b and c, as well as the prospects for directly measuring the mutual inclination between their orbital planes. This paper adheres to the following organization. In §2, we describe the dynamical model that we have employed to predict future transit mid-times for Kepler-9 b and c, based on transits observed during the full 17-quarter Kepler data set. In §3, we describe our coordinated observations of a Kepler-9 b transit on UT 2016 Sep. 1, along with the data reduction strategies that we employed. In §4, we describe the photometric model that we employed to analyze the transit light curve. In §5, the transit mid-time obtained with our light curve is used, together with the complete Kepler data set to predict an extensive set of the aperiodic future transits for both Kepler-9 b and c. In §6, we discuss the prospects for obtaining spin-orbit angle measurements and mutual orbital inclination measurements for the system. Finally, We summarize the results, and discuss the potential for further investigations in §7.
PREDICTING THE TRANSIT WINDOW
To predict the transit mid-times for Kepler-9 b and c, we carried out a differential evolution Markov chain Monte Carlo-based (DEMCMC, Ter Braak 2006) dynamical fitting analysis to infer the orbital parameters of Kepler-9 b and c based on their transit mid-times and uncertainties from the full 17-quarters of Kepler data (Holczer et al. 2016) . Given the mass and the six orbital elements of the planets and the mass of the host star, we calculated the individual transit mid-times of Kepler-9 b and c using a Runga-Kutta-Fehlberg 7(8) N-body code which integrates the full Newtonian equations of motion. The inner planet, Kepler-9 d, is ignored in the model due to its negligible influence on the transit mid-times of Kepler-9 b and c (Dreizler & Ofir 2014) .
The free parameters considered by the DEMCMC fit are P , e, i, ω+M 0 , ω-M 0 , ∆Ω, and m, where P is the orbital period, e is the eccentricity, i is the orbital inclination, ω is the argument of periastron, M 0 is the initial mean anomaly, ∆Ω is the difference of the ascending nodes between two planets, and m is the planetary mass. We assume normally distributed priors with median values and uncertainties given in Dreizler & Ofir (2014) . The central stellar mass is fixed to 1.034M (Johnson et al. 2017) . We run 40 parallel DEMCMC chains, each with 2 × 10 7 iterations and we save every thousandth set of parameters. The first 1 × 10 7 iterations of each chain are discarded to eliminate burn-in bias. The statistics of the parameters are derived from the final 1×10 4 elements of each MCMC assessment. TheR statistics (Brooks & Gelman 1998) for all parameters were below 1.1 at the conclusion of the calculation. The reported parameters, as detailed in Table 1 , are derived in terms of the medians and standard deviations of the posterior parameter distributions. Our overall best fit agrees well with the (2014), Borsato et al. (2014) , and Hadden & Lithwick (2016) . All four studies, however, report slightly different orbital periods. For further details of Kepler-9 system parameters, we refer the reader to Wang & Laughlin (2017c) .
With the orbital parameters in hand, we can proceed to predict the future transit mid-times for both Kepler-9 b and Kepler-9 c by integrating Newton's equations of motion for the model three-body system. We randomly draw 1000 samples from the converged chains and integrate them independently to determine the future transit mid-times. The best-predicted transit mid-times and the estimated uncertainties (as provided in Table 2 
OBSERVATIONS AND DATA REDUCTION
Using the predicted transit mid-times from our dynamical model, we coordinated observations of a transit of Kepler-9 b on UT 2016 Sep. 1. We secured involvement of eight telescopes at four different observatories in China, all of which are members of the TEMP Network (Wang et al. 2017a ). Planned observations from the Xinglong Station (2.16m, 60/90cm Schmidt, 85cm, 80cm, 60cm telescopes), as well as from the Weihai Observatory (1m telescope) were not executed due to the influence of Typhoon Lionrock. The weather at two other observatories, however, was generally cooperative on the transit night. One complete ( §3.1) and one partial ( §3.2) transit was obtained.
Nanshan Station, Xinjiang Observatory
We observed the full transit of Kepler-9 b in a Cousins-R filter using the Nanshan One-meter Widefield Telescope (Hereafter: NOWT) at Nanshan Station ( 87
• 10 30 E, 43
• 28 24.66 N) of the Xinjiang Astronomical Observatory. The NOWT is equipped with a 4K×4K CCD that gives a 1.3
• × 1.3
• field of view (FOV) and a pixel scale of 1.13 pixel −1 . For further details of this telescope, see Liu et al. (2014) .
A 1200 × 1200 pixel (approximately 22.5 × 22.5 ) subframe was used in our observations to shorten the readout time and increase the duty-cycle of the observations. In total, 554 scientific images were obtained with exposure times varying from 20 s to 60 s depending on atmospheric conditions. To avoid adversely affecting the measurement of the transit mid-time, the exposure time was not varied during the transit ingress or egress phases. The recorded mid-exposure time in the image header is synchronized with the USNO time server, and was converted to the BJD TDB time scale using the techniques of Eastman et al. (2010) ; The intrinsic error arising from these conversions is estimated to be less than 1 s.
All images were debiased and flat-fielded using standard procedures. Aperture photometry was then performed using the DAOPHOT aperture photometry routine (Stetson 1987) . The final differential light curve was obtained from weighted ensemble photometry. The choice of photometric comparison stars was made with the goal of minimizing the light-curve scatter. The resulting light curve (yellow-green points) is compared in Figure 2 to the best-fit model.
Xuyi Station, Purple Mountain Observatory
A portion of the transit of Kepler-9 b was also observed through a SDSS-i filter using the 1-m Near Earth Object Survey Telescope (Hereafter: NEOST) located at the Xuyi astronomical station ( 118
• 28 E, 32
• 44 N) of the Purple Mountain Observatory of China. The telescope has a 10K × 10K CCD with 16 readout channels. No binning or windowing was used, resulting in a 3
• × 3
• FOV, and a pixel scale of 1.029 pixel −1 . We obtained 251 images at an observing cadence of ∼ 77 s comprising a 60 s exposure time and a 17 s readout/reset time between exposures. Due to clouds, the observations were interrupted for about 30 min during the ingress phase, and the observations had to be stopped during the transit because of the elevation limits of the telescope.
The time recording approach and data reduction strategy were identical to the method used above ( §3.1). The resulting light curve (blue points) is compared in Figure 2 to the best-fit model.
LIGHT CURVE ANALYSIS
In order to accurately measure the transit mid-time of our new transit observation of Kepler-9 b, we performed a joint fit to the NOWT and NEOST light curves. The photometric modeling was carried out using JKTEBOP code (Southworth 2008), which employs Levenberg-Marquardt minimization to find the best fit, and a residual-permutation algorithm to determine the error estimates for the derived parameters.
Due to the limited quality of our new ground-based light curve of the Kepler-9 b transit, a refinement of the system parameters was not a goal in this work. Moreover, while there are substantial variations in the transit midtimes, none of the other transit parameters for Kepler-9 b showed significant deviation over the 4-year duration of Kepler observations (Holman et al. 2010; Dreizler & Ofir 2014) . Therefore, we estimated the mid-time of our new Kepler-9 b transit by allowing only the transit mid-time, T c , as well as the light-curve specific base-line flux, F 0 , to float, while holding the remaining parameters fixed. We fixed the basic transit parameters -the planet-to-star radius ratio, R P /R * , the scaled semimajor axis, a/(R * + R P ), and the orbital inclination, i, -at the best-fit values derived from the high-precision Kepler transit light curves (Twicken et al. 2016) . We held the orbital period, P , and the two quantities e · cos ω and e · sin ω relating the eccentricity, e, and the argument of periastron, ω, (which are typically poorly constrained by a single transit observation) fixed to the values determined from the TTV analysis described in §2. A limbdarkening law containing both a linear and a quadratic term was adopted, with coefficients fixed to the tabulated values µ 1,R = 0.37 and µ 2,R = 0.28, using the spectroscopic stellar parameters -effective temperature, T eff = 5779 K, metallicity, [Fe/H] = 0.12, and surface gravity, log g = 4.491, -from Huber et al. (2014) .
The best fit to the new transit light curves for Kepler-9 b is plotted in Figure 2 egress cannot be used for transit mid-time estimation). Our new observations robustly reveal a transit event for Kepler-9 b, but as shown in Figure 3 , the transit event occurs 45 min (1.2 σ) later than predicted. We cannot claim a large significance for this discrepancy between the predicted and the observed transit mid-times for Kepler-9 b's UT 2016 Sep. 1 transit, as substantial systematic errors may have affected the determination of transit mid-time. There may be, however, some possible physical reasons for the 45-minute discrepancy. Since our new observation occurred three years after the last Kepler observation, secular TTV drifts arising from an unknown stellar or planetary companion(s), may have contributed to the deviation. A similar conclusion was also reached by Dreizler & Ofir (2014) based on the substantial RMS scatter in the Doppler velocity residuals of Kepler-9 system, which are consistent with the possibility that is harboring additional companions. Unfortunately, by adding only one new transit, we are unable to shed definitive light. The collection of further photometry and velocimetry would appear quite well advised.
IMPROVED TRANSIT PREDICTIONS
Since we have successfully observed the transit of Kepler-9 b on UT 2016 Sep. 1, and obtained the transit mid-time by modeling the light curve, we refit the orbital parameters of Kepler-9 b and c based on transit mid-times from both Kepler data and our new data using the approach described in §2. With only one more transit observed, the rederived parameters remained almost the same, aside from a small increase in uncertainties as shown in Table 1 . The corresponding future transit mid-times also show little variation with those calculated with Kepler data only (Table 2).
STELLAR OBLIQUITY AND MUTUAL ORBITAL

INCLINATION
Although R-M observations of multi-transiting planetary systems may play a significant role in shaping the observed properties of exoplanets, and distinguishing the competing formation scenarios for hot Jupiters, they are hard to make. The R-M effect is most easily observed when transits are deep and when the target star is bright. Multi-transiting planetary systems, however, usually involve smaller transit depths and fainter parent stars.
The Kepler-9 system, however, is an exception. It has a very large planet-star size ratio -among the largest ratios yet detected in multi-transiting planetary systems, and it is a proven target for obtaining high-precision radial velocities with 2.5 m s −1 error using 45 min exposures with HIRESr on the Keck I telescope (Holman et al. 2010) . Indeed Kepler-9 may offer a rare to measure the spinorbit angle of a multi-transiting planetary system. We have therefore made a detailed examination of the feasibility of carrying out R-M observations of Kepler-9 b and c using Keck/HIRESr. This was done by first generating synthetic radial velocities of the R-M effect with added Gaussian noise, assuming both Kepler-9 b and c are in spin-orbit alignments. To span the transit with at least 10 observations, we set the length of each exposure to 20 mins. This provides us with 11 and 12 radial velocities during the Kepler-9 b and c transits, respectively, with uncertainties of 5 m s −1 (Burt et al. 2015) , which is consistent with the radial velocity precision achieved by Holman et al. (2010) with Keck/HIRESr. The R-M effect induced velocity anomaly is modeled using the analytical approach of Hirano et al. (2010) and is discussed in detail in Addison et al. (2013) . The parameters used in the R-M effect modeling include: the spin-orbit angle, λ, the stellar rotation velocity, v sin i, the planet-to-star radius ratio, R P /R * , the orbital inclination, i, the orbital period, P , the planet-to-star mass ratio, M P /M * , the orbital eccentricity, e, the argument of periastron, ω, and two adopted quadratic limb-darkening coefficients, µ 1 , and µ 2 . λ is set to 0, the spin of the star is modeled with v sin i = 2200 m s −1 (Buchhave et al. 2012) , and the other parameters are set to the values given in Twicken et al. (2016) After generating the synthetic radial velocities, we used the Exoplanetary Orbital and Simulation and Analysis Model (ExOSAM; see Addison et al. 2016 ) to fit the generated R-M observations to recover the spin-orbit angle and probe the level of uncertainty that can be measured. Gaussian distributions are assumed on the priors for Kepler-9 b and c, based on their best-fit parameter values and 1 σ uncertainties given in Twicken et al. (2016) and Table 1 (Parameters derived from Kepler data augmented by our new data). To determine the best-fit λ, we imposed a Gaussian prior on v sin i of 2200 ± 1000 m s −1 (Buchhave et al. 2012) .
We generated 20, 000 accepted MCMC iterations with an acceptance rate of 25%. This ensured good convergence and thorough mixing of the Markov chains. The mean and standard deviation of the MCMC chains were then used to compute λ and σ λ , resulting in −2.5±5.3 deg and −7.5 ± 6.3 deg for Kepler-9 b and c, respectively. The best-fit models to the simulated radial velocities are over-plotted in Figures 4 and 5. Our simulations strongly suggest that the spin-orbital angles of Kepler-9 b and c can be successfully measured with uncertainties less than 10 deg using Keck/HIRESr.
The assessment of the degree of projected spin-orbit angles for two different planets in a same system such as Kepler-9, will provide us a unique chance to directly measure mutual orbital inclination δ through: cos δ = cos i b cos i c + sin i b sin i c cos(λ b − λ c ),
where i b,c and λ b,c are the orbital inclinations and the sky-projected spin-orbit angles for two planets. In our own solar system, the major planets all lie within a few degrees of the ecliptic. This is compelling evi-dence that the Solar System planets originated within a flat rotating disk. It is still unclear, however, whether other multiple-planet systems, especially those with significantly massive planets, also generally adhere to this organizational principle, because directly measuring mutual orbital inclination between the planets is challenging (Winn & Fabrycky 2015) . Kepler-9 is a unique target to carry out the mutual orbital inclination measurement through measuring the spin-orbit angles for both Kepler-9 b and c, which will provides us the fundamental architectural data that will answer this critical question.
SUMMARY & CONCLUSION
The Kepler-9 system imparts significant historical interest as a consequence of exhibiting the first observed exoplanetary TTVs. These inconstant eclipses confirmed the promise of the forward-looking analyses of Agol et al. (2005) and Holman & Murray (2005) , and set the stage for many insights to emerge from the study of TTVs, culminating with mass estimates for the Earth-sized planets in the TRAPPIST-1 system by Gillon et al. (2017) and Wang et al. (2017b) . In this paper, using both the full complement of Kepler photometry and a ground-based photometric recovery of the transit of Kepler-9 b, we have substantially improved the transit ephemerides for both planets b and c. These predictions will permit the accurate scheduling of follow-up measurements with large space-based or ground-based telescopes.
